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PREFACE

This state-of-the-art review was prepared by the Manufacturing Technology

Information Analysis Center (MTIAC) under Contract DLA900-84-C-1508 for the

Department of Defense.

The review covers the use of commercially available industrial laser

systems for the cutting of metallic and nonmetallic materials in manufacturing

applications. The content has been selected to present a picture of the

following:

* Level of process performance that can be expected.

" State-of-the-art equipment that is available in terms
of:

(a) the laser that produced the above
performance.

(b) the manipulators that bring the laser
performance to various types of workpieces.

Process performance has been documented for carbon steel, stainless

steel, aluminum, high-temperature alloys, and several nonmetallic materials.

A section has been devoted to the rapidly emerging field of composites. For

each material available, data regarding cutting speed, kerf width, edge

quality, and maximum cuttable thickness have been documented. Emphasis has

been placed on advantages and disadvantages of pulsed power processes.

The information on lasers covers carbon dioxide (CO2) technology, which

has dominated cutting in the past. However, the growing importance of fiber

optic beam manipulating has resulted in increased emphasis on neodymium:

yttrium-aluminum-garnet (Nd:YAG) lasers because their beams can be directed

through available quartz fibers. Additionally, new Nd:YAG power levels that

challenge multikilowatt C02 lasers are discussed. Because of their potential

for cutting plastics without recourse to burning, the industrial status of

excimer lasers have been reviewed. A section has been devoted to optional

Nd:YAG and CO2 laser configurations that permit a new, wide latitude in

balancing power against beam quality. This discussion covers slow-axial-flow,

fast-axial-flow, and fast-transverse-flow CO2 laser configurations as well as
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single and multiple cavity, optically modified, and unmodified Nd:YAG
lasers. The status of slab lasers is considered. The availability of four

pulsed power modes for C02 lasers is noted, and the application of each is

discussed. New developments are presented regarding the use of supersonic

assist gas jets to enhance the basic laser cutting capability and on the

implications to users in terms of electing advanced gas nozzle designs and,

possibly, reducing standoff distance.

The rapid advance of manipulator technology has necessitated devoting one

section of this state-of-the-art review to a classification of existing and

emerging configurations. Thus nonprogrammable path and programmable path

manipulators are described. In the latter category, systems where the work m

moves while the beam is stationary and the newer "flying optic" systems where

the reverse is true are discussed and illustrated. The status of attempts to

link lasers to commercial work-handling robots is covered. Other system

approaches discussed include the five- or six-axis moving-optic, gantry

robot. These robot-manipulators are specially designed for three-dimensional

application, and a "hybrid" variant that increases throughput at the expense

of floor space is also reviewed. Tabulations of advantages/disadvantages have

been included to assist the reader in relating these several configurations to

candidate workpieces.

The content of this review has been derived from over 30 references.

However, the subjects of lasers, laser processes, and manipulator systems is

constantly evolving. Thus, after information from the references had been

assembled, it was sent to experts with a strong day-to-day involvement in the

specification and implementation of cutting systems. The comments of the

following experts greatly assisted in updating published information to

produce this state-of-the-art assessment:

John Porter James Capazzi
Cincinnati, Inc. Leybold Vacuum Systems, Inc.
Cincinnati,Ohio Enfield, Connecticut

Donald Porter R. Owen
Control Laser Corp. Lumonics, Laserdyne Products
Orlando, Florida Eden Prairie, Minnesota

Brian Urban R. Gustafson
International Laser Machines Corp. Lumonics Material Processing Corp.
Indianapolis, Indiana Livonia, Michigan

iv



John Ruselowski J. Guha
Raycon Corp. Westinghouse Electric Corp.
Ann Arbor, Michigan Automation Division

Pittsburgh, Pennsylvania

T. Webber D. Whitehouse
Spectra-Physics Whitehouse Associates
Industrial Laser Division Weston, Massachusetts
San Jose, California

D. Menno
Strippit-Houdaille, Inc.
Akron, New York

This state-of-the-art review is one of a series of reports intended to

keep MTIAC users abreast of technology and information within the scope of

Manufacturing Technology. Information about other reports may be obtained by

contacting:

MTIAC
c/o Cresap, a Towers Perrin Company
10 West 35th Street
Chicago, Illinois 60616
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The findings in this report are not to be construed as an
official Department of Defense position unless so
designated by other authorized documents.

The citation of any commercial products, trade names, or
manufacturers in this report does not constitute an
official endorsement or approval of such items or
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SUMMARY

This review considers the three aspects of laser cutting that define the

state-of-the-art (SOA):

* Process performance.

. Laser beam sources

* Laser beam/work manipulators.

Emphasis has been placed on equipment and processes that are commercially

available and relate to the material working industry.

Process Performance. The first part of the review describes the

qualitative and quantitative performance that make up the process state of the

art. The relationship between quality and quantity reveals that overly slow

or overly fast cutting speeds result in poor quality. The range of acceptable

quality is greatest for thin sheet and narrows as the workpiece thickness

approaches that of light plate. The perpendicularity and flatness of the face

of the cut and the undesirable presence of dross or metal burrs on the

underside of the cut are the quality elements that are affected by the

foregoing relationships.

The review also documents an emerging recognition of the relationship

between cut face roughness and the delivery of beam power in the form of a

series of pulses rather than in the continuous (CW) mode. The study

recognizes a further relationship between the velocity of the cutting gas and

process speed. Finally, the dramatic effect on cut face separation (often

called "kerf width") and parallelism caused by beam polarization is noted.

Equipment to control these conditions is described in the Section 4.

The remainder of the section on process performance documents quantita-

tive performance data. Data for carbon dioxide (C02), both CW and pulsed

power, and neodymium:yttrium-aluminum-garnet (Nd:YAG) technologies are

included. Nd:YAG always operates in the pulsed mode at the power levels of

interest in this study. Materials have been selected for their interest in

the defense manufacturing community as well as general industry and include:

I 1 -- •



* Carbon steel
* Stainless steel and high-temperature-nickel base alloys
* Aluminum
* Titanium
* Nonmetallics

Carbon steel data reveal that 1 kW cutting speeds of 340 ipm can be expected t
on 0.04 in. material with a resulting 800 uin. cut face roughness at a kerf

width of about 0.004 in. and a heat-affected zone depth behind the cut face of

0.003 in. contrasted with depths of 0.030 in. reported in 1975. Carbon steel

is usually cut using CW power. Data for pulsed power suggest only a slight

reduction in speed at a given power level while surface roughness is reduced

to 120 in. Qualities such as surface roughness and kerf width are important

because they infringe on the path detail as improved manipulator technology 5
makes finer detail available. Data are included for other thicknesses,

ranging from 0.025 in. to the maximum cuttable thickness which is about 0.5

in. at current C02 power levels and assuming burr-free, best quality cuts.

Thicknesses of 1.0 in. appear feasible when cutting at lower quality levels.

Similar observations are made for the remaining metals. Stainless steel

only exhibits best-quality, burr-free cuts up to 0.040 in. while cutting rates

are reduced 25% on thin material and 50% as the maximum thickness is

approached. Good quality cuts can be obtained on thicknesses up to 0.120 in.,

and it is possible to penetrate as much as 0.5 in. of stainless steel using
multikilowatt C02 technology. Cut face roughness values are 100% greater than

those for carbon steel but approach those of carbon steel as the roughness

values for both metals increase and the maximum, cuttable thickness is

approached. Fewer comparisons can be made from available aluminum and

titanium data. Aluminum cutting speeds are reduced 50% on thin material and

more than 75% on thick. Titanium reacts with the oxygen or air cutting gases

and thus cuts more rapidly than carbon steel--25% to 50% as the maximum

cuttable thickness is approached. Maximum cuttable thickness is estimated to

be 0.08 in. for good quality with a maximum penetration capability of 0.25 in.

at available CO2 power levels. Dross is present in all aluminum cuts,

although certain recently marketed CO2 pulsing options are reported to

minimize dross. Titanium can be cut with good quality up to 0.75 in.

2



Reported data regarding cut face roughness, kerf width, and heat-affected-zone

(HAZ) are not complete, but aluminum appears to have a rougher surface, deeper

HAZ, and wider kerf width than carbon steel.

A review of composite cutting revealed little systematic speed or quality

data, suggesting that the technology is just emerging, possibly because the

materials themselves are changing rapidly. Of interest was the observation by

one experimenter who has compiled a number of C02 and Nd:YAG results that

Nd:YAG might be the technology'of choice.

Laser Beam Sources. This portion of the review looks at the types of

lasers that have been adopted by industry for production cutting of metals and

nonmetals. C02 technology dominated the cutting field for many years. CO2
lasers were powerful and their beams were most readily absorbed by nonmetals,

particularly organics. The Nd:YAG technology with its low power and poor beam

quality was used only on a few superalloys or where highly reflective metals

were involved. The review revealed that C02 pulsing modes have become

sufficiently sophisticated and challenge Nd:YAG technology on reflective

metals. C02 lasers have also met the demand of modern manipulators for

multikilowatt beams that can operate either CW or pulsed on command as the

beam progresses from simple trimming operations to the production of detailed

cutouts in a single path.

However, the study found it necessary to place equal emphasis on Nd:YAG

technology in recognition of several reported trends:

(1) There is an increasing tendency toward short-cycle cutting
applications, such as trepanning holes, where the economic
impact of the slower Nd:YAG cutting speed is reduced in the
presence of proportionately longer fixturing and cut-cut
movement cycles on the workpiece.

(2) The near-infrared Nd:YAG beam can be transmitted through
flexible light pipes that use available quartz fiber
technology. Fiber optic beam delivery greatly simplifies
system design where the laser beam must be brought to the
work over long distances and into restricted spaces.

(3) Nd:YAG power levels are approaching those of the kilowatt-
level CO2 lasers.

3



(4) The improved beam quality of "slab" laser configurations I
that use Nd:YAG technology may be available shortly. One
such unit is reported to be under evaluation in industry.

(5) There is some belief that Nd:YAG may be a better choice
than C02 to cut some composite materials involving
inorganic components--notably metals or graphite. I

The study reviews commercially available C02 and Nd:YAG configurations.

Three C02 configurations are discussed. The tubular slow-axial-flow lasers

are reported to have excellent beam quality but are very bulky and operate

only up to a 500 W limit (with a few exceptions at 800 W and 1000 W). More

power can be gained while retaining the optical properties of the axial- flow

lasers by adding blowers capable of operating at low pressures and high

pressure differentials to increase the flow rate of the lasant gas mixture.

Fast-axial-flow technology dominates laser design in the 500-3000 W range, and

a few examples are commercially available below 500 W and up to 7000 W. The

complexities of blower can be eliminated by substituting a short boxlike

structure for the tubes and using low pressure fans. Such configurations are

available at power levels up to 25,000 W and are called fast-transverse-flow

lasers. Several options for pulsed beam C02 operation are now available in

addition to CW operation:

(1) Gated (or chopped) pulsing for controlling power to
complex cuts.

(2) Super pulsing where an enhanced spike of power is added
to the leading edge of the simple gated pulse form in
order to break down reflectivity.

(3) Spiked pulse using only the enhanced spike, used for
drilling where the work is moving past the beam at very
high rates of speed.

(4) Hyper pulse wherein an enhanced spike is added to the
sustained heating capability of a CW beam. This technique
has been effective in producing low-dross aluminum cuts.

Axial-flow lasers are now available with two types of discharge. Longitudinal

(DC) discharge has the longest track record on both slow- and fast-flow lasers

but requires a high voltage and some turbulence. Induced turbulence adds to

the pumping requirements on fast-flow systems. RF discharge avoids both of

the foregoing problems and may also reduce gas contamination since electrodes

that may erode are outside of the gas envelope in RF systems. RF systems

appeared in commercial lasers only a few years ago.

I
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The study also observed a broadened range of options in Nd:YAG

technology. Manufacturers now offer:

" Nd:YAG lasers that are optically modified to produce high
beam quality at reduced power levels for precision
drilling and trepanning.

* Nd:YAG lasers with multiple crystals that produce typical
multimode/high divergence beams but which can produce a
kilowatt of power.

" Nd:YAG lasers with 4 conventional low-cost single crystal
configuration that has been available for many years at
an average power level of about one half a kilowatt.

CO2 optical materials are reviewed since three are available and none are

similar to the quartz optics used in Nd:YAG lasers and systems. The need for

circular polarization in CO2 lasers was noted as was the emergence of non-

circular nozzle configurations and pressure-resistant cutting head optics when

using increased auxiliary gas pressure.

Two emerging laser technologies, slab/Nd:YAG and excimer, are briefly

reviewed. Although neither is available in the commercial range of interest

in this review, each foreshadows potential important changes in the state-of-

the-art.

" Slab lasers hold the promise of improved beam quality and
power without sacrificing the compactness and optical
characteristics of conventional rod-type Nd:YAG lasers.

* Excimer lasers are being evaluated to determine if their
beam cuts plastics in a nonthermal way, thus reducing
thermal damage.

The survey has noted a 400% increase in the number of machine tool

builders that have entered the laser system field in recent years. In

parallel with this growth is an expansion of manipulation technology.

Laser Beam/Work Manipulators. Recent publications tend to emphasize only

those sophisticated machine tool-like systems that feature multiaxis NC

path/power programming. This review delineates a separate level of

sophistication by also describing industrially significant systems where the

cut path is not programmable. Such systems may emphasize workpiece feeding to

satisfy typically short cycles and may time-share the laser beam among work

stations to enhance flexibility and efficiency. These systems are termed

5



Level 1 to designate their simplicity. Level 2 systems are those that utilize

computer technology for path progtamming.
S

Within the Level 2 family are three types of systems:

* Type 1: Beam stationary while workpiece moves

* Type 2: Workpiece stationary while beam moves

* Type 3: Hybrid or combined systems where both optics
and work move on programmable axes.

In its two-axis form the Level 2, Type 1 system represents the well-

established flat stock cutter. Three- and five-axis variants where

cylindrical workpieces are rotated are also used. The desire to apply

attractive laser cutting processes to a broader range of workpieces has led to

multiaxis systems where flimsy three-dimensional noncylindrical workpieces can

be statically fixtured while the cutting process moves over their surface.

These Level 2, Type 2 systems are sometimes called "flying optic systems." As

such, they require complex optical trains or, in the special case of lower

power Nd:YAG systems, light pipes of quartz fiber. Additionally, flying

optic systems involve moments when one axis is moving at extremely high

velocity to maintain constant path speed. Such speeds have led to the present

adoption of a gantry robot configuration as opposed to articulated robots.

The gantry robot also provides a larger work envelope while remaining within

the tight stability of motion limits that contemporary manipulators offer.

Path tolerances of 0.004 in. within a 10 m (total) envelope are cited.

Moreover, gantry robots require the least floor space for a given worktable

area. The gantry configuration, however, presents a cage-like barrier to the

rapid loading and unloading of workpieces such as automobile bodies or body

subassemblies. A Level 2, Type 3 system has emerged wherein the worktable

moves under a stationary bridge that supports the remainder of the flying

optic axes. Floor space is increased in the direction of the worktable, but

material handling is reported to be simpler.

Rotational axes in the flying spot stationary work system have led to

optical joints that permit the beam to be swept through an arc under control

of the NC program. The simplest systems have only one joint but leave the

beam (tool point) offset from the path. The computer and special software

6

.....!....



accommodate this condition. A less complex computational scheme can be used,

but additional optical joint must-be employed. Each added bend in the beam

path makes alignment more difficult.

An additional axis is discussed. This short-stroke axis moves the

cutting head toward or away from the work to accommodate variations in the

location of the work surface. Two variations are set forth:

" Gra- ty heads which can only be used for downhand
cutting. They operate from a preset hardened ring or
roller that contact the work surface.

" Proximity sensors that can operate in any position but
are more complex. Electrical fields, probe motion, or
light are in use according to the review.

Illustrations of the various types of manipulator and diagrams of some of

the optical trains are included in the review.

Conclusions. In tabulating the various procedures and delineating the

hardware options, several conclusions become apparent. These conclusions

relate to characteristics of the state of the art in the future as follows:

(1) There should be a continuing emphasis on the pulsed C02
technology.

(2) Interest in Nd:YAG technology should be supported by new
developments in fiber optics and slab lasers. The
conviction that Nd:YAG may supplant C02 in some composite
applications is also cited in support of this conclusion.

(3) Manipulator design of the flying optic system will be
influenced by the availability of lightweight, compact
lasers and light pipe systems.

(4) Process technology improvements will concentrate on
reduced roughness and narrow kerf as manipulators and
their controls gain the ability to produce increasingly
finer detail on laser-cut parts.

7



1. INTRODUCTION

The use of lasers to cut materials accounts for more than half of the
I

industrial application of this relatively new technology. According to

estimates made in 1981, lasers were being used to cut $900 million worth of
2

products- each year. Cutting systems introduced onto shop floors since that

time have undoubtedly raised this annual laser cutting output to over a

billion dollars.

This increase in industrial importance has been accompanied by a signifi-

cant improvement in the state-of-the-art (SOA) performance of the laser

cutting process. For example, "good" quality edge finish in 1967 was any

surface roughness value less than 2000 uin. (Rt). Today, finishes of 100 to

500 pin. are common.3 Of particular interest to the aerospace industry is the

fact that laser cutting reduces by a factor of 10 the amount of thermally

disturbed material that must be machined away. Only a few thousandths of an

inch may be involved under today's SOA practices. At the same time, systpms

have evolved that can apply five- and six-axis cutting to assemblies almost as

large as an automobile. System controls can follow cutting paths within a few

thousandths of an inch while producing such path detail as inside corners with

0.003 in. radii. All of this can be applied to a part directly from

engineering information. Path programming directly on the part, using

advanced software to minimize the points that must be identified, is also

possible.

8
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2. PURPOSE AND SCOPE

In reviewing the rapidly advancing laser cutting SOA, this study will

first (Section 3) set forth the cutting performance standards that define

contemporary process technology. Section 4 describes lasers that represent

SOA beam technology. Such lasers are essential to the achievement of contem-

porary process performance standards. Section 5 covers the most rapidly

advancing facet of laser cutting technology--the mechanical manipulator

system. Advances in this area have stimulated the overall growth of the

process by bringing its constantly improving performance to a broader spectrum

of parts, with increasing accuracy and ease of application. This approach to

the subject has been adopted to provide prospective users with an idea of what

to expect from a laser cutting application and to emphasize the close rela-

tionship between such expectations and the types of products that are avail-

able to achieve it.

The focus is on progressive, full-thickness cuts in materials such as

those listed in Table 2-1.' Percussive, static hole drilling, and partial

penetration marking/trimming raise significantly different issues and deserve

separate consideration. For example, in percussive drilling, real-time

control of beam parameters is important. In cutting, the emphasis is on path

control. For drilling applications manipulators emphasize point-point move-

ment instead of contour-path-following capabilities. Marking processes differ

greatly from full penetration cutting technology. Cutting process technology

is dominated by the need to produce a smooth, dross-free cut face while the

marking consists of a series of precisely placed shallow pits where surface

finish and dross are not usually issues.

10



TABLE 2-1. MATERIAL RATINGS FOR CUTTING

WITH INDUSTRIAL LASERS

Material Ease of Cuttinga

C02 Laser Cutting

Stainless Steel (300 series) (F-G) I
Stainless Steel (400 Series) (G)
Galvanized Steel (G)
Carbon Steel (Low) (E)
Carbon Steel (Medium) (E)
Carbon Steel (High) (G)
Steel, Free Machining (P)
HSLA (G)
Coated (G)
Spring Steel (E)
Titanium (G) bHastelloy "X" (G)
Copper (F-G)
Brass (P-F)
Aluminum (P-F)
Tantalum (F)
Ceramic (Aluminum Oxide) (G-E)
Polyethylene (E)
Polycarbonate (F)
Acrylic (E)
Delrin (E)
Nylon (E)
Wood (G-E)
Plywood (E)
Fiber Glass (P-F)
Laminates (F-G)
Glass (G-E)
Rubber (F-E)
Leather (E)Paper (E)

Solid State Laser Cutting

Stainless Steel (300 series) (G)
Carbon Steel (Low)
Carbon Steel (Medium) (F-G)
Carbon Steel (High) (F-G)
Gold (G)
Aluminum (G-E)
Tantalum (G-E)
Nickel Silver (G)
Molybdenum G)
Ceramic (Aluminum Oxide) (G-E)
Plastic (P-F)

ap = Poor, F = Fair, G = Good, E = Excellent.

bAdded from other sources.
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3. STATE-OF-THE-ART LASER CUTTING PERFORMANCE

Figure 3-1 characterizes the elements of a full-penetration laser cut.

The achievement of these qualities defines the performance of the cutting

process.

A number of materials can be cut, as shown by the extensive listing in

Table 2-1. However, certain materials were chosen for emphasis in Section 3

because they are of interest to the defense manufacturing community and enough

data are available to document a state-of-the-art (SOA) cutting performance

level. Additionally they tend to represent other, lesser known cutting appli-

cations. The selected materials are as follows:

" Carbon and alloy steels

* Austenitic stainless steels and nickel-base
high-temperature alloys

* Aluminum

" Titanium

* Nonmetallics (plastics and composites).

The cutting mechanism for nonmetallic composites and all plastics is the

result of direct evaporation of materials from the kerf. Metals, in contrast,

are cut by some combination of melting and metal expulsion by a stream of

gas. Metals may also exhibit an exothermic reaction with the stream of gas.

Where this occurs, the reaction can exceed the heating capability of the

laser. Thus the behavior of the various materials is different for a given

set of laser cutting conditions, and the process performances l,ted below are

understandably different.

Performance also depends upon the process itself. Arata et al. have

noted (Figure 3-2) that cut qualities (kerf width, cut face roughness, cut
face angle, and the presence of recast metal on the cut face or lip) all vary

with speed and thickness for any given power. In selecting values to

represent the SOA, an attempt has been made to choose those representing mode

III (optimized) or mode IV (maximized) in Figure 3-2.
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Source: ITRI Laser Center

Figure 3-1. Cut qualities.
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V. Gouging 
I

I II. D ross F ree4

* for reactive metals such as carbonl steel and jitanium

fl Adapted fro", Arata et al.1

Figure 3-2. cut quality relationship to speed and thiCkness'
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Laser manufacturers2 report that refinements on a case-by-case basis in

the field have often resulted in a 20% improvement in speeds and quality

levels over the SOA levels cited in this study and encountered in their own
laboratories. This observation relates principally to carbon and stainless

steel production cutting operations. 5
Performance further depends upon cutting technique employed. In the

following discussion, most of the data are for carbon dioxide (C02) lasers

using a coaxial gas nozzle and operated in the continuous wave (CW) output
mode using 2.5 in. focal length antireflective (AR) coated transmission

optics. There is a trend for complex part shapes toward longer focal lengths
such as 5 and 7 in. Tolerance to focus distance variation increases markedly 3
as focal length increases, but focusing sharpness drops off somewhat.

2

There is also a trend toward a pulsed application of power. Pulsing is

an attractive method for delivering an appropriate level of peak (penetrating)

power to a cut while reducing the average power. Reduced average power pre-

vents burning as manipulators slow down to accommodate complex shapes or

encounter features that overheat easily (see Figure 3-1).

Pulsed C02 data are included where noted. Also given are

neodymium:yttrium-aluminum-garnet (Nd:YAG) pulsed cutting data because the

technique is considered vital in meeting the detailed precision cutting
requirf its of the defense (aerospace) industry and Nd:YAG can be used with

fiber o,.ic beam manipulation while C02 cannot.

3.1 STEEL

The C02 laser, with oxygen as an assist gas, has been the conventional

tool for cutting carbon steel, high strength steel, and cast iron because it
has been available for several decades at multikilowatt power levels that

result in commercially attractive speeds.

3.1.1 Cutting Rate

Table 3-1 is a compilation of cutting rates that represent optimized cut

quality.
3- 7

The two modes of power application are shown. The traditional continuous -

application of power (CW)) provides one set of data. More recently, multi-
kilowatt pulsed C02 lasers have become available. Introducing pulses into the
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TABLE 3-1. OPTIMIZEDa CUTTING SPEEDS FOR CARBON STEEL 
- 6 .9

(02 Assist)

Speed, (1pm)
C02/CW C02/Pulsed C02/CW C02/Pulsed Nd:YAG/Pulsed

Thickness, 1200 W 750 W 500 W 500 W 400 W
in. (Refs. 3, 5) (Ref. 4) (Ref. 4) (Ref. 6) (Refs. 3, 9)

0.025 440 390 ND ND ND

0.040 340 265 160 132 38b

0.080 245 - 100 60 16-24

0.120 152 86 60 24 10-18

0.160 100 60 ND ND 8-13

ND = no data; does not imply not possible.
aFor best cut surface finish, kerf, and HAZ.

bValues represent 02 (30 psig) and shop air (80 psig) as alternative

assist gases.

process creates more striations, which are shallower and result in less sur-

face roughness.8 Further, the metal in which they are formed sees less heat.

Less heat means that the process forms less surface oxide contamination

(dross) and the material behind the cut face experiences less heat effect8 --

i.e., has a smaller heat-affected zone (HAZ).

The reduced C02 cutting speeds by pulsing may limit commercial value

where long profiling cuts are to be made. However, many small complex cutouts

involve only a short cutting cycle dominated by long movement from cutout to

cutout so that cutting speed is less important. The progressive cutting of

hole shapes (trepanning) is a commonly encountered example. Nd:YAG is also

used in such situations, and Nd:YAG data 9 are listed in Table 3-1.

3.1.2 Surface Roughness

Table 3-2 lists roughness values for the two procedures and several

thicknesses described in Table 3-1. Figure 3-3 illustrates the potential for

influencing surface roughness e by applying the power in a pulsed manner.

Organizations familiar with various types of lasers, 2 note that the Figure 3-3

results cannot always be transferred to all cutting situations and that the

configuration of the laser can play an equally powerful role in surface finish

(see Section 4 for a description of laser configurations). The state of the

art has now reached a point where laser cuts can compete with die cutting in

17
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Figure 3-3. Effect of pulsing on roughness of cut surface.
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TABLE 3-2. TYPICAL SURFACE ROUGHNESS VALUES FOR CARBON STEEL '
6

(C02/02 Assist)

Roughness (Rt).a pin.

Thickness 1200 W/CW 500 W/Pulsed
in. (Ref. 5) (Ref. 6)

0.025 700 100

0.040 800 120

0.080 1080 190

0.120 1320 360

0.160 1600 400

aConverted to Rt (approximate) by multiplying Ra by a factor of 2.

such critical applications as the fabrication of generator laminations.7

Figure 3-4 shows the surface of one such cut, and Figure 3-5 illustrates the

roughness profile. The roughness value (Rt) appears to be about 200 pin.).

(0.0002 in.).

3.1.3 Kerf Width

The advent of manipulators (see Section 5 for a discussion of them) that

are capable of following abrupt changes of direction in the programed path

meant that the width of the kerf became the limiting factor in establishing

the radius on inside corners. The inside corner is commercially important

because laser cutouts are often substituted for mechanical punching where

sharp radii are difficult to maintain on tools. Kerf width is a strong

function of laser spot size and the distribution of energy within the spot.

Both factors have improved over the years. Kerf width increases with thick-

ness as shown in Table 3-3.

3.1.4 HAZ

As previously noted, the increasing use of pulsed processes, using both

Nd:YAG and C02 technologies, has reduced the heating of the metal in cutting

procedures. Evidence of this can be found in the greatly reduced volume of

metal behind the cut face that has sustained heat damage. The values for

carbon steel are given in Table 3-4. Both sets of values were determined from
4,11

microhardness traverses in a hardenable grade of steel. ,
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Figure 3-4. Scanning electron micrograph of a section

of a laser-cut rotor lamination.
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Source: Lumonics, Laserdyne Products

Figure 3-5. Roughness profile of a typical laser-
cut edge of a rotor lamination. Plot

*shows height of edge striations as a
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TABLE 3-3. MINIMUM KERF WIDTHS IN CARBON STEEL 
3'6'1

(C02/02 Assist)

Thickness, Kerfa Width,
in. in.

0.06 0.004b

0.09 0.006c

0.125 0.008b

0.250 0.012d

aKerf increases linearly with thickness (Ref. 6).

bRef. 6.

CRef. 10.

dRef. 3.

TABLE 3-4. TYPICAL HAZ VALUES FOR CARBON STEEL '
1 1

(C02/02 Assist)

HAZ, percent of thickness
CWa Pulsed,

Thickness, 1975 1985-86
in. (Ref. 11) (Ref. 4)

0.025 100 10

0.040 86 7

0.080 56 6

0.120 13 5

0.160 - 3

avalue can sometimes be reduced further by

increasing gas flow.

The HAZ has particular significance in the fabrication of components for

defense products that are subject to fatigue. Fatigue performance is sensi-

tive to edge integrity and stress state. As a consequence, many defense

fabricating specifications require that an edge machining allowance (EMA) be

added to all dimensions on thermally cut parts, to be removed later by a

machining operation. In high strength steels the removal of large amounts of
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material suggested in Table 3-4, center column, represents a significant

machining cost. If the EMA could be reduced concomitantly with the values in

the right-hand column, the cost of EMA removal along the edges of large panels

and forgings could be greatly lowered.

3.1.5 Burr Formation U
The presence of a burr after cutting may be undesirable and requires a 3

costly secondary operation to remove. Burr formation depends on several

factors. As cutting progresses in any material, the assist gas sweeps molten

dross from the face of the cut. This dross is a mixture of melted base metal

and any compounds formed by reaction with the assist gas. Whether this dross

can be swept away or whether it hangs on the lower lip of the cut depends on3

its fluidity and the temperature of the cut face among other factors. These

factors, in turn, depend on the material being cut. However, burr formation

can also be influenced by the cutting procedure. In Figure 3-2, dross appears

to form a severe burr under zone II and IV cutting conditions. The formation

of a burr can also be influenced by focal point position in the metal.4

However, if the above procedure requirements are met, burr-free carbon

steel cuts can be made over a wide range of thicknesses (0.03 to 0.25 
in.). 6

3.1.6 Maximum'Thickness

As thickness increases, desirable performance qualities are sacrificed.

Therefore, delineation of maximum cut thickness may depend on how much sacri-

fice is acceptable. For 1000 to 1200 W/C0 2 systems operating in a "low order"

or "basic" mode, Table 3-5 suggests that the upper limit for carbon steel is 5
about 0.5 in. A significant restriction reported on focal point placement4

suggests a maximum workpiece thickness of 0.480 in. When cut quality is not

so important, workpiece thicknesses of 1.00 in. are apparently feasible.

3.2 AUSTENITIC STAINLESS STEEL AND HIGH-TEMPERATURE ALLOYS

In spite of its similar sounding designation, austenitic (e.g., AISI type

304) stainless steel presents a cutting challenge much different from carbon

steel. In fact, its relative insensitivity to oxygen as a cutting gas, its

viscous flow characteristics in the presence of assist gases, and low thermal

diffusivity place its cutting behavior much closer to such high-temperature

alloys as the Inconel series.
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TABLE 3-5. BURR-FREE RANGES FOR THREE MATERIALS
10

(02 Assist, All Materials)

Materiala

Thickness, Carbon Stainless
in. Steel Steel Aluminum

0.04 Burr free Burr free Good

0.06 Burr free Burr free Good

0.08 Burr free Burr free Good

0.120 Burr free Good Good

0.180 Burr free Good Poor

0.250 Burr free Good Poor

0.500 Goodb Good Poor

1.00 Good Poor Poor

1.00 Poorc Poor NDd

aData taken from sources that relate to 1000 to 1000 W/C0 2/pulsed
systems.

bRefers to good cut quality except that a light burr requiring
removal can be expected.

CRefers to poor cut quality implying heavy recast layers on the
surface, a significant burr, and possible erosion.

dND = no data; does not imply not possible.

Although much of the information herein is based on C02/CW technology, at

least one system designer prefers Nd:YAG for high-precision cutting of aero-

space components. Pulsed CO2 technology is also cited as a means for

achieving good surface finish in these alloys.

3.2.1 Cutting Speed

Table 3-6 provides a compilation of cutting rates that represent a maxi-

mized procedure using a SOA laser system jperating in a low-order mode using

02. Thus the rate is comparable to that given for carbon steel (CW/02 assist

technology). The material is an AISI type 304 stainless.
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TABLE 3-6. OPTIMIZED CUTTIIG SPEEDS
FOR STAINLESS STEEL

(1200 W/C0 2/CW/0 2 Assist)

Thickness, Speed,
in. Ipm

0.040 250

0.080 105

0.120 75

0.160 65

3.2.2 Surface Roughness

Optimized (pulsed) surface roughness values in Table 3-7 are comparable

to the pulsed values given for carbon steel.

TABLE 3-7. TYPICAL SURFACE ROUGJNESS VALUES
FOR STAINLESS STEEL)

(500 W/C0 2/Pulsed/0 2 Assist)

Thickness, Roughness (Rt),a
in. Vin.

0.025 200

0.040 300

0.080 350
0.120 400

0.160 440

aConverted to Rt (by multiplying Ra by a

factor of 2).

3.2.3 Kerf Width

No data are available.

3.2.4 HAZ

No published data are available. However, EMA values are frequently

encountered for aerospace application in this class of alloys. The existence

of these values indicates that some deterioration in fatigue strength has been

observed in thermally disturbed material directly behind the cut face.
Allowances are similar to those cited for high-alloy steel so that the HAZ
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values for carbon steel in Table 3-4 may also be relevant for stainless steel.

The allowance for these materials is often twice that required for aluminum

alloys.

3.2.5 Burr Formation

The thickness range over which one can expect burr-free cuts is not as

great as that encountered in carbon steel (see Table 3-5). One investigator'

noted that laser-cut stainless steel exhibited a pronounced layer of cracked,

porous oxide-bearing dross on the surface when oxygen was used. The recast

layer was oxide free when argon was used as an assist gas.

3.2.6 Maximum Thickness

According to Table 3-5, the maximum thickness for burr-free stainless

steel cuts (at the 1200 W level of power assumed in this evaluation) is only

0.080 to 0.120 in. However, "good" quality cuts can be made up to 0.5 in. and

"poor" quality cuts may approach 1.0 in.

3.3 ALUMINUM AND ALUMINUM ALLOYS

Aluminum and copper are often listed as hard to cut because of their

tendency to reflect the laser beam. Unlike the situation with carbon steels,

oxygen does not provide added heat that might offset the reflectivity.

Melting the refractory oxide that forms also takes heat away from the cutting

process. However, as the laser power level approached 1 kW using C02 tech-

nology, the cutting of aluminum and its alloys acquired early commercial

significance, particularly in the aerospace industry, in spite of relatively

low absorption for the C02 wavelength. Laser trimming of formed aluminum

parts is now frequently encountered.

3.3.1 Cutting Speed

Table 3-8 is a compilation of cutting rates that represent a maximized
procedure using a SOA laser system. Oxygen is the reported cutting gas.

However, helium has also been used to produce cutting rates similar to those

obtained with oxygen. Air is recommended over 02 and inert gas.9
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TABLE 3-8. OPTIMIZED CUTTING SPEEDS FOR ALUMINUM
3'' 9 69

Speed, ipm

C02/CW/0 2 Assist Nd:YAG/Pulsed/Air Assista

Thickness, (Ref. 6) (Refs. 3, 9)
in. 2000 W 1000 W 400 W

0.014 ND 493 ND

0.025 ND 305 60

0.040 240 175 32-55

0.080 120 45 14-16

0.120 60 25 8-9

0.250 ND ND 2 3
aAir recommended gver 02 and inert gas with respect to

cut cleanliness. Inert gas is slower than air while
oxygen gives faster cuts.
bND = no data; does not imply not possible.

It is often assumed that the reflectivity of aluminum demands high laser

power levels. Such levels suggest multikilowatt CO2 technology
6. However, as

previously noted, where the cut path is short and the laser is only used over ,

a short portion of the floor-to-floor cycle, the lower power, lower cost

Nd:YAG technology may be acceptable. Nd:YAG cutting rate values have been

included in Table 3-8.

3.3.2 Surface Roughness

Table 3-9 provides limited data regarding surface roughness, which

appears to be 500 to 800 in. Rt. For comparison, Table 3-2 lists a 1080 Uin.

surface roughness for oxygen-cut, CW, carbon steel at the same thickness.

Table 3-2 also lists a 190 in. roughness for pulse-cut carbon steel.

Thus it is possible that introduction of pulse technology could reduce the

Table 3-9 roughness values. However, most aerospace applications require the

removal of thermally damaged material in any event so that the finished part

may often have machined edges and post-cut roughness is not important. Under

such conditions the depth of the HAZ may be more significant since it governs

the edge machining allowance that must be machined away.
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TABLE 3-9. TYPICAL SURFACE ROUGHNESS VALUES
FOR ALUMINUM ALLOYS

1200 W/C0 2/CW/0 2 Assist)

Thickness, Roughness (Rt),a
in. in.

0.080 560-800b (Ref. 13)

0.300 520bc (Ref. 6)

aConverted to Rt by multiplying Ra by a

factor of 2.
bNo significant difference between cuts using

02 or air as an assist gas.

cAlloy not specified.

3.3.3 Kerf Width

Reference 13 reports 0.010 to 0.014 in. kerf widths in 0.080 in. thick

sheet for both 02 and air cutting (1 to 2 kW) using a 0.01 mm beam. There is

evidence that helium produced slightly narrower widths within the above range.

All of the above widths are slightly narrower than those reported for steel.

3.3.4 HAZ

The depth to which thermally disturbed material exists governs what

happens to laser-cut edges after they are cut. Thermally disturbed material

exists to the depths shown in Table 3-10.' 3 Table 3-10 further suggests that

increasing the cutting rates can reduce the HAZ by a factor of 10 if helium is

used. Helium avoids the formation of oxide with its attendant heat. Helium

may also provide some added chilling because of its high specific heat. The

resulting HAZ of 0.001 in. suggests that post-cut material removal and its

cost can be reduced substantially if the above changes are made in the

process.

3.3.5 Burr Formation

Table 3-5 suggests that aluminum cannot be cut without some burr

formation from the dross (metal-oxide mixture) as it is blown out of the

bottom of the kerf. Systematic exploitation of parameters in ReferencE 13

suggests, however, that a range of process speed can produce a "dross-free"
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TABLE 3-10. TYPICAL HAZ VALUES FOR ALUMINUM 
13

(C02/CW, 1.2 - Sheet Thickness)

HAZ Thickness with Given Gas,
Speed, inches from cut face!
ipm 02 He

1203 0.01 0.01

960c  0.005 0.001

aBased on elevation of hardness above base metal.
bWould also produce relatively good surface

finish e.g., 500 uin. Rt).
CWould produce maximum surface roughness (e.g.

800 vin. Rt).

cut at I to 2 kW in the materials evaluated even though 02 was used (0.480-

0.80 in. thick 7075 Alclad aluminum)). Dross-free conditions only existed

over something less than one-third of the cutting range even though oxygen was

used as the assist gas.

3.3.6 Malximum Thickness

If maximum thicknesses were based on burr-free cutting, as it was in

carbon steel, it would be difficult to assign a value greater than the 0.08

in. thick material evaluated in Reference 13 even though power levels up to 2

kW (C02/CW) were available. If, however, "good" quality (with some burr) is

acceptable, Table 3-5 indicates that useful cuts could be made in thicknesses

up to 0.120 in. The cutting rates listed in Table 3-8 suggest the acceptance

of 0.25 in. as the maximum thickness for aluminum according to Nd:YAG data.

3.4 TITANIUM

The interaction of oxygen and titanium produces large quantities of heat.

The role of oxygen as a cutting gas is considerably more prominent for

titanium than is the case with carbon steel.

3.4.1 Cuttln Speed

Table 3-11 lists typical maximized cutting values for titanium for CO2

(1000 W) and Nd:YAG (400 W). Compared to Table 3-1 rates, titanium cuts 50 to

130 ipm faster than carbon steel for a given thickness using the higher speed
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TABLE 3-11. OPTIMIZED CUTTING SPEED FOR TITANILUM 6-

Speed, tpm
Thickness, C0 2/CW/0 2 Assist Nd:YAG/Pulsed/Air Assist,

in. 1000 W (Ref. 6) 400 W (Ref. 9)

0.025 570 42

0.040 420 37

0.080 285 28

0.120 225 22

0.160 180 15

0.200 150 11

0.250 125 8

aoxygen is not recommended for production cutting in this
reference, possibly because it results in excessive
burnback at the slow cutting rate.

CO2 technique. Such information might be considered important for high-volume

production or where long cut path lengths are considered (as in profile

cutting of large panels in aerospace components).

3.4.2 Maximum Thickness

A projection of Table 3-11 cutting speeds suggests that the maximum

thickness for 1 kW might be about 0.5 in. However, Reference 3-14 shows a 1.5

kW cut in Ti-6A1-4V alloy that is 0.75 in. thick. Surface finish on this

thicker cut would be considered "good" based on criteria from preceding

discussions.

3.5 ORGANIC MATERIALS--PLASTICS &

More than 40 families of plastics are commonly encountered in industry,

not including the growing number of multicomponent materials called composites

(which are covered in Section 3.6). The monolithic organic plastics vary

among themselves, and fall into two broad categories. Those plastics that

soften and melt upon heating are called thermoplastics. Other plastics resist

heat and are called thermosetting.' s Performance during laser cutting is

greatly influenced by the category of the plastic being cut.
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Plastics readily absorb the infrared (10.6 um) radiation produced by the

C0 2 laser. The 1.06 um wavelength of the Nd:YAG lasers is not as readily am

absorbed. Conversion of the absorbed energy into heat results in vaporization

of the plastic along the cut path so that the cut itself is produced by vapor-

ization while the nature of the cut surface depends upon whether the material

is thermoplastic (and melts with some decomposition or "charring") or

thermosetting (and simply decomposes). Decomposition is related to the com-

bustibility of the material. As Table 3-12 suggests, naturally occurring

organics show a greater tendency to burn and char than do synthetic

materials. 12

TABLE 3-12. COMBUSTIBILITY OF ORGANIC MATERIALS 
12

Low High
Combustibility Combustibility

Acrylics Leather

PTFE Wood

Polymethylene Oxide Wool

Polyethylene Cotton

Polypropylene Laminates

Polycarbonate PVC 3
Rubber (natural or synthetic)

Because plastics do not exhibit an exothermic reaction while being cut,

the chemical nature of the assist gas is less important. Compressed air and

oxygen are commonly encountered.

3.5.1 Cutting Speeds

Table 3-13 sets forth cutting speeds for two dissimilar materials.2

Acrylic is a thermoplastic material; polycarbonate is a thermosetting organic

compound.

3.5.2 Surface Roughness

For plastics the term edge finish is more often used than surface rough-

ness. Vanderwert1 s notes that most of the elements that control surface

finishes on metals also pertain to plastics. However, he adds that "for

thermoplastic materials a wider range of edge finishes can be obtained by
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TABLE 3-13. MAXIMIZED CUTTING SPEEDS FOR TWO PLASTICS
4

(1200 W/C0 2/CW/02 Assist)

Thickness, Speed, ipm
in. Acrylic Polycarbonate

0.160 360 320

0.240 230 200

0.400 165 100

0.800 50 ND

ND = no data given; does not imply not possible.

varying process parameters" and also that "reduced machining rates allow time

for adequate melt and flow of the molten plastic. This, coupled with low-

velocity airflow results in a smooth, fire-polished edge." This useful type

of edge is not observed in metals or thermosetting plastics. Metals conduct

heat away from the cut to permit rapid coalescence of any broad area of molten

material on the surface. Thermosetting plastics increasingly resist flow as

they approach their decomposition temperatures.

Edge finish in plastics is also closely associated with charring

tendency. "As charring tendency increases, the visual appearance and edge

roughness are influenced by the decomposition deposit," according to

Vanderwert.1 s "For a given material thickness the adhesion of the decompos-

ition products decreases with increased charring tendency. With light

charring the deposit is totally adhering. However, for materials with severe

charring tendency, a portion of the deposit is easily removed."

3.5.3 Kerf Widths

Because plastics decompose at much lower energy densities than metals,

kerf width can be varied at will by changing optics to provide a different

spot size or by defocusing. However, Vanderwert15 recommends against

increasing the kerf width to more than twice the minimum value. Kerf width

increases with increasing thickness. Wall straightness is a reflection of the

beam taper and position of the focal point within the work unlike metals where

it is a function of speed at some optimum cutting focus.
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3.5.4 Maximum Thickness

The ease with which the beam dissociates plastic suggests that maximum

cut thicknesses for any given power level would be high. However, other

factors limit cut quality on thick material. At very slow speeds charring

becomes excessive and there is a tendency toward rounding of the upper and

lower edges of the cut. Table 3-13 suggests that speeds will fall below 100

ipm at some thickness between 0.4 and 0.8 in. Thus the maximum practical 3
thickness might also fall in this range.

3.6 COMPOSITES

A composite consists of two or more discrete materials. Wood, with its

grain, is a composite. Fiber glass is also a composite, as are materials made

with ceramic fibers bonded into a matrix of metal. Composites present a uni-

que challenge to the laser cutting process. A cutting process that is effec-

tive on one component of the composite may be ineffective or excessive for the

other. The greater the dissimilarity in thermal sensitivity, the more diffi-

cult it is to find a suitable laser cutting process. This dissimilarity prob-

lem has led to classification of composites into three groups according to

their components. 16

3.6.1 Organic/Organic

Organic/organic commposites are the easiest group to cut. Their behavior

is similar to plastics. Kevlar and wood are examples of this group. The C02

laser is almost always used because its wavelength is readily absorbed by the

materials involved. Table 3-14 gives cutting rates for specific cases.

3.6.2 Inorganic/Organic

The most difficult group to cut is the inorganic/organic composites

because of the disparity in the behavior of the materials in a given beam. A

nonthermal method such as abrasive sawing or high pressure water jet may be

required. Table 3-15 lists cutting speeds for specific cases. Examples of

the maximum thickness that can be cut without charring or special laser

techniques are given in Table 3-16.
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TABLE 3-14. CUTTING SPEEDS FOR ORGANIC/ORGANIC COMPOSITES 
16 '17

(C02/Air Assist)

Speed, ipm
Thickness, 1500 W CW

Material in. CW Pulsed 1300 W 500 W 400 W 300 W 250 W

Kevlar 0.040 ND ND ND ND ND ND 90a

Kevlar 0.93 ND ND ND ND ND 212a ND

Kevlar 0.120- ND ND ND ND 90a ND ND
0.125 240

Kevlar 0.250 240b 8c 30a ND ND ND ND

Plywood 0.75 60 ND ND 30 ND ND ND

ND = No data reported, does not imply not possible.
aRef. 17 data.

bReported as a very clean, char-free trepanned hole.

CSome charring reported.

TABLE 3-15. CUTTING SPEEDS FOR INORGANIC/ORGANIC COMPOSITES1
6

(C02/CW/Air Assist)

Speed, 1pm
Thickness,

Material in. 5000 W 1500 W 1000 W

Glass/Epoxy (G-10) 0.062 ND ND 600
0.250 300a 80 ND

Graphite/epoxy (cured) 0.125 ND 80b  ND

Graphite/epoxy (uncured) 0.062 ND 3200 ND

ND = no data reported, does not imply not possible.
aReports significant char and fumes from CaC0 2 filler in epoxy.

bReports 0.04 in. HAZ.
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TABLE 3-16. MAXIMUM THICKNESS THAT CAN BE LASER CUT1
6

FOR INORGANIC/ORGANIC COMPOSITES
(1500 W/C0 2/CW/Air Assist)

Maximum Thickness,
Material in. O

Kevlar 0.4

Graphite/Epoxy 0.4

3.6.3 Inorganic/Inorganic

The inorganic/inorganic composites present less disparity between

components than the inorganic/organic group but may require an evaluation of
Nd:YAG technology as opposed to C02 since some components are more easily

processed with the shorter wavelength of the Nd:YAG beam. Specific cutting

rates that produced satisfactory results are listed in Table 3-17.

TABLE 3-17. CUTTING SPEEDS FOR INORGANIC/INORGANIC COMPOSITES 6

(1500 WICO2a/Air Assist)

Thickness, Speed, ipm
Material in. CW Pulsed

Boron/aluminum 0.04 320 ND

SiC/titanium 0.032 320 24

ND = no data. 5
aExperimenter notes that Nd:YAG might be a better process for
inorganic/inorganic composites, and also notes that a 2.5 in.
focal length lens had to be used to get a sufficiently small spot. U
bExhibited 0.004 in. matrix meltback plus an 0.02 in. dross
"fringe" at the top of the cut.

There is a growing realization that pulsed beams can cut composites with
17 u

less damage then CW beams. As would be expected, pulsed cutting rates are

lower. The lack of systematic process data over a range of thicknesses

suggests that the SOA is immature--possibly because the nature of some of the

advanced composite materials is changing rapidly.
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3.6.4 Condition of the Cut Surface

The cutting of composites does not result in the same surface condition

as encountered in metals. In an extensive survey of procedures that maximized

cut quality for the particular technique being used, Lawson17 observed cut

surface degradation in two ways:

* Visible destruction such as delamination

" Chemical degradation determined by poking a sharp
knife into the cut face and noting the depth of
penetration for a given load.

Table 3-18 establishes a matrix of selected materials versus the several

laser procedures explored, and introduces the quantitative observations made

by Lawson. In spite of gaps in the data, a preliminary picture of the state

of the art emerges with respect to the issue of cut edge quality. In review-

ing the results Lawson noted that:

" Organic/organic materials (Kevlar) cut best because of
low conductivity and dissociation temperature.

" Inorganic/organic materials (glass/epoxy and
graphite/epoxy) were much harder to cut because of
dissimilarity of components. Glass/epoxy was somewhat
easier to obtain a good cut in than graphite. Graphite
also conducts heat more deeply into the material away
from the cut edge.

Several other general conclusions about preserving surface condition were

drawn by Lawson from the many cases that he studied:

(1) The closer the thermal characteristics of materials
in a given composite, the less damage there will be
to any one material.

(2) The higher the energy density used to cut a given
material, the less the damage.

(3) Thinner materials cut better than thicker materials.

(4) Pulsed cutting is usually better than CW.

(5) Nd:YAG lasers gave better cuts than CO2 lasers on
graphite/epoxy laminates (and might be significantly
better on inorganic/inorganic composites, which were
not studied).

(6) CO2 lasers (pulsed) are the choice for glass-reinforced
composites or for Kevlar.
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TABLE 3-18. OBSERVED CUT SURFACE CONDITIONS ON COMPOSITES
1 7

Visual Depth Effects, in. Knife Penetration, in.
Thickness C02 Nd:YAG C02  Nd:YAG

in. Pulsed CW Pulsed Pulsed W Pulsed

Graphite/Epoxy
0.050 ND NR ND 0.050 NR 0.010
0.125 0.060 NR 0.05 0.080 NR 0.040

Kevlar
0.040 NR 0.004 NR ND NR NR
0.093 NR 0.002 NR 0.001 NR NR0.120-0.125 0.001 0.010 NR 0.001 0.010 NR I0.4 NR 0.010 NR NR ND NR

Glass Laminate (G7)

0.100 0.009 NR 0.010 NR
0.250 0.025 0.007 ND 0.004

Glass Laminate (G11)
0.060 0.005 NR NR 0.010 NR NR
0.250 0.02-0.04 ND NR 0.025 0.030 NR

Glass Laminate (GIO)

0.062 NR 0.010 NR NR 0.010 NR
0.125 NR NR 0.020 NR NR 0.015

NR = not run (no tests carried out with this technique).
ND = no data (test run but observation not available).

5

36



3.7 CERAMICS

Lasers have found a niche in the cutting of aluminum oxide. The method

used is more akin to drilling than to cutting processes described herein in

that a series of holes is formed and the brittle ceramic is caused to fracture

along the path. Other ceramics tend to exhibit thermal shock and shatter when

exposed to the laser beam. However, partially stabilized zirconia (PSZ)

ceramics, with more tolerance to mechanical and thermal shock, are being

produced and a few reports of cutting silicon nitride have emerged (Table 3-19).

TABLE 3-19. CUTTING SPEEDS FOR SILICON NITRIDE
3

(Nd:YAG)

Thickness, Speed, ipm
in. 300 WQ 200 Wd

0.1 2.8 2.0

0.2 1.6 1.2

aDerived from the reported model of the machine

on which work was accomplished.

3
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II
4. LASER BEAM SOURCES

Section 3 discussed the state-of-the-art for various cutting processes.

The next two sections describe systems that are available to meet process

expectations. A laser system embodies two subsystems: The first is the laser

itself, which is directly responsible for the process/material interaction

regardless of the size or shape of the workpiece. The second component is the

manipulator, which moves the process relative to the workpiece for any

specified laser. Section 4 deals with the laser beam source, and Section 5

covers man ipul1ators.

4.1 LASERS FOR CUTTING

Manufacturers in the material working industry require at least several

hundred watts of power for cost-effective cutting. This requirement, which

often extends to more than a kilowatt, has led to the domination of laser

cutting by two technologies: neodymium:yttrium-aluminum-garnet (Nd:YAG)

solid-state technology (Figure 4-1), and carbon dioxide (C02) gas technology

(Figure 4-2). Of the two, C02 technology is most frequently encountered. C02

is particularly effective on plastics and other organic materials. However,

Nd:YAG was often limited to such technically demanding applications as the

cutting of thick high-temperature' alloys. More recently, the Nd:YAG technol-

ogy has attracted attention in the material cutting industry because it is

adaptable to quartz fiber optic beam delivery systems while C02 technology is

not. Additionally, there is some evidence that Nd:YAG has an advantage in the

cutting of composites (see Section 3). Commercially available lasers from

both technologies are listed in buying guides that are published annually by

several organizations (e.g., Reference 2). Both types of lasers will be

discussed here.

Excimer laser technology deserves brief mention at this point because it

offers a reportedly nonthermal approach to the cutting of delicate

plastics.3  For example, an excimer laser was reported to have cut a 0.012

in. diameter hole in a polyimide sheet with no visible evidence of thermal

damage.' At present, emphasis seems to be on the micro manufacturing aspects
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FiqUre 4-1. Nd:YAG laser head.



I

Source: Coherent General

Figure 4-2. CO2 laser head (slow-flow configuration).
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of the electronics industry 3 and the technology has not been reduced to

industrial standards, according to comments written as recently as 1986.' By
2

1988 at least one product listing alluded to the "relative youth" of the

technology as a hindrance to its listing and ranking, suggesting that it

cannot yet be considered as part of the industrial state-of-the-art.

The following paragraphs describe the two ma.or types of lasers for

cutting material--the C02 and the Nd:YAG. They are vastly different in their

physical configuration. Recent developments have greatly increased power/size

ratios and have opened up new possibilities for system design.

4.1.1 C 02 Configurations

The C02 laser operates by producing a discharge in a mixture of gases,

one of which is C02. The concept was introduced in 1964. The output is an

invisible beam of 10.6 pm, far-infrared radiation that can only be transmitted

effectively by a few semiconductor materials and potassium (or sodium)

chloride crystals. Helium (He) and nitrogen (N2) are mixed with the carbon

dioxide (C02) lasant. The technology, therefore, is based on enclosing and

moving gas mixtures at low pressures, removing waste heat from the 10-20%

efficient process, and establishing an electric discharge in the gas medium

without causing arcing within the region where the beam is formed.

Industry's approach to this technology has led to several distinct

categories of CO2 laser, three of which are powerful enough to be attractive

for commercial manufacturing operations (Figure 4-3). The thrust has been to

provide high power levels without unduly sacrificing beam quality. The C02

laser categories that are most prominent in material working operations are:

slow axial flow, fast axial flow, and fast transverse flow.

(a) Slow Axial Flow. This category of CO2 laser is the simplest of the

three and consists of a long, small-diameter glass tube with an electrode at

each end. Air is removed from the tube, which is then backfllled to a low

pressure with a mixture of C02 , helium, and nitrogen. A direct high-voltage

current flows between the electrodes in the direction of the axis of the

tube. The electrical discharge excites the C02 and N2 atoms. Helium helps to

remove the energy remaining in the CO2 molecules after lasing. A mirror

system at both ends of the tube is used to collimate the radiation resulting

from the discharge. Waste heat is conducted through the walls of the tube.
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(a) Low-speed axial flow type

Total reflector *Gas--Coat,4 
Rr

Gas :Coolant Ga Coolant : output

Total ref lectorGaGs

(b) High-speed axial flow type

Cathode Anode

-ae4ba
Total -

ref jetor fOutput mirror

BlweBlower Rear mirror

(c) Quadrature type
Instantaneous power

supply monitor

Rear Polarizing
Heat exchanger mirror mirror

Gas fiow direction

Beam Output coupler

output Shutter
Output window

Source: Amada/Metaiwork. Eng. Mark.

Figure 4-3. CO2 laser configurations.
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Each meter of discharge can produce about 50 W of laser power.6 During

discharge the gas is heated and there is some gas decomposition. The gas is

slowly removed from the tube by a small vacuum pump to permit cool gas to

enter and to remove the decomposition products, hence the term slow flow.

Clearly, the number of meters of discharge length required to achieve power

levels necessary for commercial cutting results in a very large laser.

However, the beam quality is very high and pulsing is readily accomplished

through the use of a separate power supply. The slow-flow technology is most

frequently encountered at power levels up to 500 W, with one 800 W and 1000 W

listed as commercially available.2

(b) Fast Axial Flow. More power can be gained from each meter of

discharge if the gas is rapidly removed from the active region to a separate

heat exchanger where the heat can be removed. Gas must be changed often to

keep it from heating too much. Power is proportional to flow, rather than
7

length. Thus the design emphasis is on the movement of gas in this class of

C02 lasers. Flow rates of 1 m/s have been reported. 8

Since about 1985 there have been two methods of exciting the fast-axial-

flow lasers.

" Longitudinal (dc) discharge similar to slow-flow lasers but
requiring some induced gas turbulence to reduce discontinui-
ties in the discharge. Such systems constituted the
original approach to fast-flow excitation technology and
involve very high voltage (10-20 kV).8 Output can be 1000
W/m for these fast-flow lasers.

* RF discharge is applied transverse to the tube axis along
its length. The RF excitation technique is reported to
reduce voltages in the laser and increase electric power
density 3 or more times over dc levels. Reduced voltages
and higher electrical input densities permit better
discharge stability than longitudinal discharge lasers.
Additionally, gascontamination caused by erosion of the
exposed electrodes during dc discharge is eliminated because
the RF electrodes are external to the tube.8

Beam quality and pointing stability are very similar to the slow-flow

technology. The fast-flow technology dominates the 500-3000 W power range. A

few examples are listed below 500 W and up to 
7000 W.2

The need for rapid gas flow through the restriction of the tubular

configuration leads to the need for positive displacement blowers capable of
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operating at low pressures and high pressure differentials 9 without leakage

through the seals. Placement of the motor inside the shell of the blowers is

being introduced to meet this performance requirement.

(c) Fast Transverse Flow. In order to achieve higher power, designers

have replaced axial flow through tubes with a transverse flow through a short,

wide, boxlike channel. The gas traverses the width of the box while the dis-

charge and/or the beam operates transverse to the gas flow. Only fans are9i
needed in such a situation, and concern for the reliability of high-pressure

pumps is eliminated. However, the electrical discharge must be both sustained

and stabilized. Stabilization ensures that the electric current passes

through the entire volume between electrodes rather than collapsing into a

lightning bolt-like discharge between one point on an electrode and a point on
6

the opposite electrode. There are two methods for accomplishing stabiliza-

tion in industrial lasers. One method incorporates ballasted parallel elec-

trical input channels using resistance, inductance, or capacitance to counter-

act sudden high current flow through any one channel. The other uses a

simpler nonchanneled electrode covered with a suitable dielectric. There does

not appear to be any advantage of one method over the other. 9

The added complexity of the transverse flow concept does, however, result

in a very compact unit. Output levels of more than 2000 W/m have been

reported for transverse flow units.1 ° Transverse units tend to be most
2prevalent in the power range of 3-25 kW. Most transverse-flow units produce

a beam of lower quality than do the axial-flow systems. Additionally,

pointing stability should be reviewed when considering complex beam delivery

systems.

4.1.2 Nd:YAG Configurations

The Nd:YAG laser produces its characteristic radiation when a pencil-like

crystal (rod) of yttrium-aluminum-garnet doped with the neodymium ion (Nd+++)

is excited by the light from an arc or flash lamp. The Nd+I- is the lasant.

The output is a near-visible beam of 1.06 pm near-infrared radiation that can

be transmitted by glass optics. The wavelength is not readily absorbed in

many plastics but is readily absorbed by metals, compared to C02 beams. The

Nd:YAG laser head is much more compact than equivalent C02 lasers, based as it

is on one or more 3/8 in. diameter, 6 in. long emitting elements. The tech-

nology has had to address power linitations and a rather poor beam quality but
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has achieved high levels of compactness and ruggedness. This approach has led

to three types" of industrial Nd:YAG lasers while a fourth type is now being

considered for industrial use.

(a) Single-Cavity Resonators. The resonator refers to the arrangement

of light generation elements located between the mirrors. A cavity is that

portion of the resonator which supports one Nd:YAG crystal and one or more

lamps. A typical resonator/cavity arrangement is shown in Figure 4-4. Most

cutting has been accomplished with this type of configuration. Beam quality

may not be as good as it is with, for example, slow-flow C02 lasers, but the

Nd:YAG wavelength is more easily absorbed by metals, resulting in the

commercially accepted process performance listed in Section 3.

(b) Single-Cavity, Optically Modified Resonators. Figure 4-5 shows an I
Nd:YAG configuration that has been optically modified to operate with improved

beam quality. In either Figure 4-4 or 4-5, power output is limited to an
3

emission level not exceeding 600 W/in. Optical modification selects only a

portion of the normal output so that optically modified lasers are inherently

low power (10-20% of their unmodified counterparts). Loss of power is some-

what offset by improved beam quality. Improved beam quality permits increased a

spot intensity. This type of laser is used for the percussion drilling of

small holes but can also produce high-quality cuts (e.g., when used to trepan

larger holes).

(c) Multiple-Cavity Oscillator Amplifier. Figure 4-6 shows a resonator

that has two crystals, each with its cavity elements (lamps, reflective

surfaces, etc.) and illustrates the third type of Nd:YAG laser. These multi-

ple (2 or 3) cavity arrangements have extended maximum available power levels

from 400-500 W to 1200 W (CW). Product performance parameters relating to

beam quality 2 are not greatly different from those listed for the single-

cavity lasers. Large-diameter (0.01 in. and greater) holes of moderate

quality are produced by these lasers,'1 but they can penetrate 1 in. thick

plate. Lasers in the 1200 W (CW) category have only become a part of the

state-of-the-art since the mid 1980s and extend the power range of the solid

state toward that of the C02 technology.

(d) 'Slab" Lasers. Figure 4-7 illustrates a Total-Internal-Reflection,

Face-Pumped Laser (TIR-FPL) or "slab" laser, which represents an advanced

approach to the goal of high power and good optical quality in a compact

47 v



Eo

C;

00
LL-

ow UJO LO%.

L.Y

CCL

~>

LU.
LLr 00

.2.-
C 0C

CD L)

48-



E

LL 0
4E-

-~ cm
ci<

010

x 0 . *0

> c

CDC

49 F,

(VQ



E

C, C

4AR

41-

0.. 5

LL EE

C)00

+

CO.

500



Pump Rod
Output ________ ,P mI

___________ B( HeatU
Rod _____ Extraction

Teperature gradient in rod

SRadius

(a) Conventional rod laser

Output I IIPm
Mirror __ _ __ _ MirrorUl

Coolant Coolant

/'la Slabl
Slbx Beam li

Cooan Coolant

Temperature gradient
CO

in one direction
C. across slab

E

Face Thickness Face
A -B

(b) Slab--total internal radiation laser (face-pumped)

Source: JITRI

Figure 4-7. Slab vs. conventional laser.
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solid-state laser head. The resonator is arranged so that the beam follows a

zigzag path through the 1 x 3/4 x-8 in. slab cut from a larger crystal of

Nd++  doped YAG. The beam passes through all parts of the cooling gradients

and thus tends to average out the thermal distortion that characterizes the

conventional cylindrical rod shape. Slab lasers are reportedly undergoing
industrial trials at the 600 W average power level.1 2 Test results suggest

good beam quality at power levels great enough to increase the penetration

range for the Nd:YAG technology from 3/4 in. to 2 in. in steel. 13

4.2 POWER OUTPUT

The power that is emitted by the laser is applied to the cutting process

in one of two forms:

" Continuous: Laser systems have reached a level of
stability where they can deliver a set amount of power
without interruption. A typical C02 laser, for example,
can now be expected to produce a continuous output (often
called a CW--continuous wave--output) for 24 h with a
variance no greater than ±2% of the set power.

* Pulsed: Originally considered a means for enhancing the
p-netrating capacity of a laser by delivering power in
the form of a spikr-like discharge, pulsing has come to
be recognized as an essential tool for the control of
overheating during the cutting of compjpx details (e.g.,
trepanned holes, sharp outside corners ). Nd:YAG lasers
have always operated in the pulsed mode as have small C02
lasers. However, within the past few years recognition
of the importance of pulsing has caused it to be
introduced into commercial lasers at progressively
greater power levels until today pulsing is available on
6000 W lasers.

4.2.1 Continuous Wave (CW) Power Output

The CW power of a laser can be easily determined by reviewing commonly

available lists of equipment that state the maximum number of watts

sustainable for a significant period of time (e.g., several hours).

C02 Lasers. Currently C02 lasers with CW power output capabilities of

10,000 and 25,000 W are listed, and several such lasers are in operation in

limited production applications. A closer approximation to the commercial

state-of-the-art would be a 5000-6000 W maximum based on several automotive

welding applications. All of these very powerful lasers exhibit multimode or
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"near single mode" operation. For single-mode CO2 lasers that would permit
efficient cutting operations present listings suggest that 3000 W is the

ijpper limit.

Nd:YAG Lasers. CW is not normally used for cutting with Nd:YAG lasers;

however, CW power is available. Since 1987, Nd:YAG lasers with a CW power

level greater than 600 W have been listed. Recently the maximum available

power level has been raised to 1200 W, and a 1000 W unit is specifically

described as suitable for a "w lding/cutting" system.
2

4.2.2 Pulsed Power

Pulsed power can be considered a means for controlling the delivery of

power when cutting complex shapes. Evaluation plus power capability is

difficult using currently compiled equipment parameters. Average power, the

peak power in each pulse, or the maximum number of joules per pulse must be

determined in order to make comparisons.

Pulsing can also be considered as enhancing the delivered power for short

periods. Spiked pulses assist in overcoming initial reflectance and reducing

dross in some materials.

C02 Lasers: There are four' s regimes of pulsed operation available for

CO? lasers (Figure 4-8):

(1) Gated Pulses: On/off programming of the power or
mechanical chopping of the CW mode with no spikes. This
pulsing regime is for power control in complex cuts.

(2) Super Pulse (or enhanced pulse): Spikes of about 100 us
duration added to the leading edge of a gated pulse.
Maximum power reached by spikes is 3-4 times greater than
the gated pulse for capacitive pulse power supplies4 and
may be increased to 4-6 times greater by changing the
proportions of the various components in the gas mixture.
Spikes that are 10 times greater than average power are
reported for RF or inductively pulsed systems. This
pulsing regime is used to break down reflection on
materials such as copper or gold.

(3) Spike Pulse: Same as 2 above but not added to a gated
pulse. Spikes are used to assure a round hole when
drilling very fast moving work such as reels of paper tape.

(4) Hyper Pulse: Adds spikes on top of continuous (CW) power.
Appears to utilize the spike to overcome reflectance while
using the continuous power input to maintain the fluidity
of dross until it can be blown from the cut. The technique
has been effective in producing dross free aluminum cuts.
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CO2 systems can be pulsed at repetition rates of several thousand hertz.

Nd:YAG Lasers. Nd:YAG lasers are limited to lower repetition rates than

CO2 systems. Each pulse consists of a series of naturally occurring spikes

that tend to smooth out towards the end of each pulse8 (Figure 4-9). The

relationship between average power and the peak spike power is influenced by

the type of supply used to power the flash lamps. There are two types of

supply: (1) capacitor--produces maximum peak power; (2) solid state--controls
each pulse but produces a slightly lower peak power. 16

4.3 EXTERNAL OPTICS

Once a given configuration of laser head has emitted a beam of radiation,

that radiation must be brought to the work surface and focused using external

optics (to differentiate them from the internal optics that form the resonator

inside the cavity).

In the area of optics, the state-of-the-art involves several differences

between CO2 and Nd:YAG technologies and has recently involved new and highly

flexible means of delivering the beam.

4.3.1 Optics for Nd:YAG Lasers

The Nd:YAG laser transmission optics are made from quartz and coated with

materials that modify the Fresnel reflection coefficient and thus minimize

reflection. The 1.06 um near-infrared wavelength of the Nd:YAG is readily

transmitted through such materials.

Quartz optics for Nd:YAG lasers cost less than the special optics for CO2

lasers. One operating-cost analysis estimates that the cost of procuring and

maintaining optics for an Nd:YAG is one half that of CO2 lasers.'' The

compatibility of the Nd:YAG beam with low-cost quartz also permits the use of

expendable protective slides where the process tends to eject smoke and debris

up into the cutting nozzle (e.g., when drilling through to start a cut on the

surface of a plate instead of at the edge).

Mirrors. The Nd:YAG wavelength is absorbed by polished metal surfaces

which makes difficult the use of mirrors of metals other than gold or silver.

Fiber Optics. Nd:YAG fiber optic technology has progressed to commercial

power levels above 100 W over 25 m. Usage to 400 W has been cited, but results

55



0

Time

(a) Nd:YAG pulse

0

Time

(b) Nd:glass pulse

Source: IITRI

Figure 4-9. Pulse configurations for Nd:YAG and Nd:glass las-- .

5

56 ,



under extended operation have not been reported. Losses of 15% overall are

reasonable to expect. Nd:YAG fibers have been developed from fused silica

(quartz), which readily transmits the characteristic Nd:YAG radiation.

4.3.2 Optics for CO2 Lasers

The 10.6 um far-infrared beam is only transmitted in industrial processes

by the following materials:

* Zinc Selenide: This semiconductor material also permits
some transmission of visible light so that it can be used
in systems that provide television or a safe coaxial
system system for viewing the spot impingement area.
Properly coated, this material exhibits acceptable
resistance to damage by smoke and debris.

" Gallium Arsenide: Although opaque to visible light,
gallium arsenide can transmit the CO2 wavelength and with-
stand exposure to the atmosphere including smoke and
debris. Gallium arsenide is slightly more sensitive than
zinc selenide to the power density being transmitted, and
is often chosq for optics in systems with power levels
below 1000 W.

" Potassium Chloride: This material is very sensitive to
change because of small amounts of moisture in the air and
must be protected under ambient conditions. It exhibits
good transmission of CO2 wavelengths. Sodium chloride can
also be used but is even more sensitive to moisture in air.

The complexity and cost of the above transmissive materials preclude

their use for low-cost protective elements in CO2 cutting heads.

Transmission is not perfect in any optical component, and service life

suffers as power increases. This becomes a significant consideration for CO2

transmission optics as laser power approaches the multikilowatt (3-6 kW)

level. Differentially pumped openings in the laser cavity may be used in

place of solid optics to bring the beam out of the laser provided that gas

losses through the openings are not considered excessive.

Metal Mirrors. Mirrors are beginning to be accepted as focusing elements

in C02 systems. Mirrors are said to provide the same optical spot size as

planoconvex lenses. 17 In addition, metal optics:

" Avoid variance of focal point location that occurs as the
lens heats and cools during operation.

" Can be wiped clean without damaging optical quality.
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The latter advantage is most readily available on molybdenum mirrors. Copper

or aluminum mirrors are often used because they are easily manufactured and

provide a stable focal point location, but some precautions must be taken in

cleaning them. Mirror losses are typically estimated to be 2% or less per

surface. Mirror surfaces constantly change under room conditions so that some

control of the environment around mirrors and/or periodic cleaning is required.

A common approach to such control is to shroud the beam and slightly pressurize

the shroud with dry nitrogen.

Fiber Optics. The characteristic C02 radiation is not transmitted by

quartz so that current fiber optic technology is not appropriate to C02

lasers. Fibers must be made from dielectric materials such as ZnSe, and AgI

which can transmit the 10.6 um wavelength that characterizes C02 technology.

Development in Japan of such fibers has been reported, but the transmission is

limited to about 5 W per fiber.'9

Circular Polarization Optics. C02 beam paths within the cavity are

frequently folded in order to obtain as much beam path length as possible

within a given laser head. Folding the beam results in a linearly polarized

output.

Cutting performance can vary by 50%, depending upon the relative

orientation of the cut path and the polarization direction of the beam.

Figure 4-10 illustrates the effect of polarization direction on cut geometry.

Stable linear polarization would be ideal if its direction could be optimized

with respect to the cut path and the cut direction never varied, as in the

case of sheet metal slitting. However, most cuts are multidirectional.

Circular polarization is used for multidirectional cuts.

Circular polarization has the same effect during cutting as no polariza-

tion4 and is introduced into the beam by external optics supplied with

birefringent coatings. Birefringent materials have a high index of refraction

in one direction and a low index of refraction in the perpendicular direction.

These materials serve (when properly oriented) to retard one of the orthogonal

components of a plane polarized wave. Delaying one component by one quarter

wave causes the vector sum of the polarized wave to describe a helix with a

period equal to the wavelength of light. When the light is deposited on the

work surface, thi helical vector path is projected as circular polarization.
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Figure 4-10. Effect of polarization direction on cut geometry.
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Figure 4-11 is a schematic of a circular polarizer. Such devices are sometimes

called "enhanced cutting accessories." 
4

High-power Nd:YAG lasers cannot be polarized and still retain their

efficiency because the crystal itself becomes birefringent, thereby destroying

the effectiveness of any polarizing element.

4.4 AUXILIARY GAS NOZZLES

The gas that is directed into the cut coincident with the laser beam is

often called auxiliary gas, although such gas is actually an integral part of

most cutting operations. The role of gas ranges from active to passive. In

its passive role, gas serves to protect the cutting optics from debris and

smoke or an inert gas cover may be used to minimize oxidation in the cut.

Oxidizing auxiliary gases play an active role in cutting by providing a signi-

ficant portion of the process heat through reaction with the material being

cut. The use of a coaxial jet of oxygen or air as part of the cutting process

for carbon steel is an example. In recent years, attempts have been made to

increase the process efficiency through improved use of the gas stream.20

Originally, most cuts were made with relatively low gas pressures.

Several attempts to improve cutting performance by increasing gas pressure

have led to the observation that there is promise over small ranges of

pressure but that process repeatability suffered as pressure increases were

extended.20 Recent investigations have suggested the reason and resulted in

an approach to raising nresent pressure limits without sacrificing speed,

quality, or reproducibility.20

There now appear to be two distinct regimes in nozzle/cut technology.

These regimes involve cutting with a gas stream velocity that is either (1)

subsonic or (2) supersonic. Conventional gas nozzles, with throats that are

circular in cross section, exhibit supersonic velocities at pressures of 2-4

bars and above.

4.4.1 Cutting with Subsonic Gas Flows

Subsonic gas streams transfer the pressure (PN) of the gas in the

reservoir that is formed by the lens and nozzle body (Figure 4-12) more or

less directly onto the work. Cutting effectiveness is a function of pressure

on the work (PC). Pressure (PC) drops off only about 15% as the nozzle-work
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gap is increased from typical operating conditions (0.3-1.3 mm) to extreme

conditions (10 mm). The directioh of the subsonic stream is, however,

influenced by small variations such as the damage or manufacturing tolerance

outage. Thus the nozzle gap is kept small under practical cutting conditions

to minimize stream/spot misalignment should directional changes occur. 20 Most

cutting is accomplished at pressures where subsonic conditions exist.

4.4.2 Cutting with Supersonic Gas Flows

Higher pressures in the reservoir lead to a transition from uniform

subsonic stream to the formation of a complex supersonic stream. Supersonic

gas streams can contain regions where severe cutting pressure (PC) variations

occur over very short distances along the axis of flow. If the nozzle gap is

extremely small, these discontinuities do not affect cutting performance and

the advantages of higher pressure can be realized. However, as the gap

approaches commercial practice, a severe drop occurs in cutting pressure (PC)

and cutting performance. Switching to a nozzle with a noncircular or lobed

throat cross section permits higher, more effective pressures to be used

before discontinuities appear in the gas stream. Improvements in cutting

speed of a 30% over conventional circular throat nozzle technology have been

reported.2 These improvements have been achieved with the work gap set at a

commercially attractive 6.5 mm. The lobed throat cross section was in the

form of a seven-pointed star. The use of lobed nozzles, however, does not

eliminate the possibility of pressure discontinuities forming. Lobed nozzles

delay the onset of discontinuities to higher pressures than circular nozzles.

Even when discontinuities form, high pressure (Zone B)2 0 regions can be found

at certain points along the axis of flow (Figure 4-12). These points are at

attractive distances from the nozzle for commercial cutting practices.

4.4.3 Higher Auxiliary Nozzle Pressure and Cutting Optics

The cutting lens forms one pressure barrier in the gas reservoir (Figure

4-13). The meniscus lens shown in the figure results in the sharpest focusing

but may begin to distort as gas pressures increase. A planoconvex lens may

have to be used for its greater resistance to deformation. However, the

focusing sharpness of the planoconvex lens is less than that of the meniscus

lens. The pressure at which the optical distortion caused by deflection of _

the meniscus lens has the same effect on the process as substitution of a

planoconvex lens has been reported to be about 50-55 psig."
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Figure 4-13. Cutting nozzle schematic.
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5. MANIPULATOR SYSTEMS

The state-of-the-art (SOA) relating to systems for manipulating the beam

over the workpiece has progressed more rapidly than the process SOA and has

kept pace with the laser SOA. Figure 5-1 shows the increase in the number of

systems suppliers over the past several years. These are organizations that

specialize in the design of the system and software while purchasing the con-

trol and laser from a specialist in those fields. As a result of this in-

crease in systems specialization and emphasis, the early, specialized "flat

goods" cutters have been supplemented by some more sophisticated beam manipu-

lating schemes--many with three-dimensional capability. This increase in

capability has resulted in a variety of manipulator options. These options
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represent vast differences in cost and manipulative capability. The prospec-

tive user is faced with sorting out this array to select the most effective

economic option. An overview and a classification of these options are needed S

to make sure that the prospective user is aware of the full scope of the SOA.

Laser manipulator systems can be divided, for purposes of this review,

into two levels of complexity (and cost). Level 1 systems are based on a non-

programmable manipulative pattern (e.g., cutting a circle through a simple

rotation of the cutting nozzle). Level 2 systems are those that can perform a

number of manipulative patterns, often accommodating the pattern to three-

dimensional workpieces. Level 1 systems may cost only a fraction of the total

laser cost. Level 2 systems often cost four times that of the laser. The

Level 1/Level 2 characterization has been adopted in this review to make sure

that the present emphasis on Level 2 systems in the literature does not

obscure the existence of Level 1 systems such as that shown in Figure 5-2.

5.1 LEVEL 1 SYSTEMS: DEDICATED PATH MANIPULATORS

Figure 5-2 shows a Level 1 system that uses a simple rotational motion to

cut stainless steel exhaust pipe. The Level 1 designation does not imply lack i

of sophistication.' For example, the system shown in Figure 5-2 shares the

beam from a single laser among several work stations. However, the pattern of

the cut is not programmable, hence the Level 1 designation. Typically, such a

manipulative pattern could be adjusted for tube diameter and cut location.

The tooling or optics might permit more than one cutting location obtainable

through setup or by a simple tooling command from the system control. Motion

in such systems can be applied by belts, cams, or hydraulic/air cylinders. In

spite of their apparent simplicity of motion, Level 1 sytems may involve sig-

nificant control considerations such as modulation of power during the cutting

operation. A Level 1 system is often characterized by elaborate part-feeding

systems because the limited action of the beam also suggests short process

cycles with an accompanying need to move large numbers of parts through the

process in order to justify the application. The system in Figure 5-2 uses

shuttle tooling from three manual loading stations to move work from the shop

environment to the enclosed beam. Vibratory, gravity, conveyor, or multi-

station dial feed material handling systems might also be found on Level 1

equipment.
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The Level 1/Level 2 concept also serves to relate cutting systems to a

great deal of laser welding tooling where the limited-manipulation Level 1

concept has been applied to a number of high-volume, high-precision applica-

tions such as power train components.

5.2 LEVEL 2 SYSTEMS: PROGRAMMED PATH MANIPULATORS

Figure 5-3 illustrates a typical Level 2 system. This unit is a "flat

stock" cutter with a moving beam designed for the cutting of surfaces repre-

sented by a single plane. This machine can carry out the cutting process in

any pattern that can be traced on the surface of the work over the entire

surface, The pattern is produced by numerical control and can be programmed

off-line or by teaching in a typical Level 2 system. The ability to program

the pattern of the cut differentiates a Level 2 from a Level 1 system.1

Most of the published work is about Level 2 systems. Industry sources

worldwide agree on three types of Level 2 system: 
2 , 3

* Type 1: Beam stationary while workpiece moves.

* Type 2: Workpiece stationary while beam moves

• Type 3: Hybrid4 or combined 3 systems where both
optics and work move on programmable axes.

Each type has its advantages and disadvantages, and each type can be

built in small or large sizes according to the workpiece. The length of the

beam path often limits the size of the manipulator. Industry specialists

recommend paths that do not exceed 5-6 m for practical maintenance of

alignment.5 One reference cites an upper limit of 10 m.6 Very long beam

paths often require special tailoring of the laser internal optics to minimize

effects of beam divergence.

5.2.1 Level 2, Type 1 Systems (Beam Stationary/Work Moves)

For the most part, Level 2 Type 1 systems are for two-dimensional

cutting. The beam path can be short with a minimum of mirrors. Because the

work moves, Type 1 systems functior best when the mass of all workpieces is

similar. In 1978 a laser source combined with an NC turret punch was shown to

the manufacturing community. These punch/laser combinations (Figure 5-4) have

become the largest single subclass within the Type 1 category. Laser/punch

V
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machines are used to fabricate flat sheet stock requiring the accuracy and

quality of punched holes in conjunction with contour cutting capabilities to

be utilized where nibbling or special tooling is impractical.'

Although Type 1 systems cut only in two dimensions, they must have some

three-dimensional capability to accommodate changes in workpiece thickness and

out-of-flatness in the material being cut. Out-of-flatness accommodation is

achieved by adding a "Z" axis capability to the cutting head. The cutting

head contains both the cutting nozzle and focusing lens. Two types of

adaptive cutting heads are used to provide the Z-axis capability:

" Gravity heads that telescope up and down along the beam
path guided by a hardened ring or roller configuration
that rides on the work. This system is simple and not
influenced by electrical conditions at the work surface.
Gravity heads can only work on horizontal work surfaces.

" Proximity sensor heads that establish an electric field
between a sensor that surrounds the nozzle and the work
surface. Capacitive fields are most common for metal
parts, where focus is critical. They are not influenced
by the part except at edges. Mechanical probes connected
to electro-mechanical transducers can be used. Optical
sensors using the focusing and defocusing of diode lasers
are also used.

5.2.2 Level 2. Type 2 Systems (Beam Moves/Work Stationary)

Large, complex, flimsy three-dimensional workpieces must often be fixed

on stationary tooling to assure that they hold their shape during cutting

operations. Thermal stresses and the imbalance of elastic forming stresses as

material is removed can cause unacceptable part distortion during trimming and

cutout operations on formed parts. The laser beam must be moved over such

parts, which has led to the terms "flying spot" or "flying optir," for the

Level 2, Type 2 manipulator.

The flying spot concept takes advantage of the improved system dynamics

that can be achieved when all of the moving parts in the system are of con-

stant mass. This advantage comes from restricting motion to manipulation of

components of known mass such as drives, bridges, and optics. Variable mass

workpieces therefore do not have to be moved. However, systems of this type

must be designed for stability under oscillation over the entire working
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envelope.* The work sits in a fixed position within the envelope of the

flying optics (Figure 5-5).

Beam Delivery. The beam delivery system from the laser to the part is

more complex for the Type 2 (flying optics) approach than for Type 1. Four

beam delivery approaches have been considered:

(a) Laser mounted on the manipulator, or near the work

(b) Light pipes (waveguides or fiber optics)

(c) Independent articulated beam delivery optics

(d) Integral orthogonal beam delivery optics.

(a) Laser on Manipulator Mounting the laser on the manipulator axis

directly at the work provides an ideal solution, and has been used in produc-

tion for many years at power levels up to about 200 W. Advances in compact

C0 2 lasers are now extending this, but there are still limitations. Nd:YAG

lasers of the "slab" configuration are in test up to 600 W average power.

Slab lasers could be mounted directly on the manipulator axis. Usually,

however, some beam path elements such as mirrors are inserted between the

laser and the cutting nozzle to provide the required directional flexibility.

(b) Light Pipe The light pipe approach is one method for optically Fi

connecting the laser to the cutting nozzle and is still under development.

Fiber optics capable of carrying several hundred watts of Nd:YAG power have

been developed and are in use (Figure 5-6). As noted in Section 4, C02

lasers will require development of a waveguide or the production of fiber

optics in such infrared transmissive material as gallium arsenide. Neither of

the C02 approaches is available on commercial metalworking equipment.

(c) Independent Systems Independent articulated beam delivery optics

are assemblies of movable mirrors in tubes, Figure 5-7. One end is connected

to the laser; the other end is attached to a manipulator. Such devices are

being considered as a means for connecting lasers to commercially available

industrial robots if such robots can provide suitable precision and stability.

*Consideration must also be givenT to floor loadings, which may exceed -

standard factory specifications. Level 1, Type 2 systems should be placed on
a monolithic slab.

74

L D . ..mi mig ,, _,



L r-4S

LMY

Source: Lumonics, Laserdyfle Products

Figure 5-5. Level 2, Type 2 flying spot five-axis system with axis identification.
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5 .Sourice: Sjpecira-IPbi'ics, luc.

Figure 5-7. I ndependent articulated, variable path length delivery system.



Independent articulated beam delivery systems may interfere with the

motion of the manipulator or access to the work. Their principal use has been

with welding robots.6

(d) Integral Systems. Integral orthogonal systems follow the paths of

the motion axes with at least one deflection (turning) mirror per linear axis

and two pairs of mirrors at optical shoulders where rotary axes are used. Thus

a five-axis system may have as few as five or six mirrors because one mirror

in each optical shoulder is also used as a deflection mirror (Figure 5-8).

Mirrors cause a loss of power and require care in handling plus a certain

amount of system engineering to maintain in alignment. Thus designers usually

attempt to limit the number of mirrors. When the laser exhibits 450 linear

polarization, one mirror in the system is a one-fourth wave phase shifter to

provide circular polarization so that cuts will be uniform in all directions.

Most integral systems result in a variable-length path as the cutting

head moves toward or away from the laser source. Beam diameter increases as

distance from the laser increases. The focus characeristics of the lens

depend on the diameter of the impinging beam. A large diameter gives the lens

a low F number (i.e., small spot, short focal depth). If the lens moves to a

portion of the beam with a smaller diameter, cutting capability may change.

Expanding the beam diameter by means of added optics reduces the difference

from point to point along the beam but does not eliminate it. Projecting a

beam waist with a long Rayleigh range into the center of travel of the system

greatly reduceds the spot size variation. Laser cavity optics sometimes must

be tailored to project the waist an extra distance from the laser and well

along the beam path of large manipulators.

The mirror loss effect on power and the potential change in optical

characteristics are the same for integral beam paths as they are for

independent systems of the telescoping type.

Manipulator Options. The challenging applications that have been made

feasible by the introduction of the moving beam concept have led to a number

of configurations. Some of these configurations are discussed in this

section.
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Y-AXISS (TRAVEL)

A-AXIS (ROTATION) Z-AXIS (TRAVEL) ,

lf LASER HEAD

B-AXIS (TILT)

LENS AUTOFC

Source: Leybold Vacuum Systems, Inc.

Note: (1) Two mirrors are often inserted between the laser and mirror 1 to simplify the'
task of bringing the beam into line with the first axis of motion without U
moving the laser itself.

(2) Mirrors 5 and 6 are eliminated in some systems where the system controller
is capable of compensating for a final beam delivery point offset from the
center line of the vertical (A) axis.

Figure 5-R. Integral, orthogonal beam delivery system (typical five-axis mirror
arrangement with autofocus). 0
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The flying optics concept can be applied to any number of axes up to

five. Two axis moving beam systems are often used to cut thick nonmetallic

plates; the third axis is used for thickness9 adjustment. A Type 2 moving

spot might be used to cut a part that could not be moved because it was

already mounted on a pallet or conveyor. However, most moving beam applica-

tions represrnt the more challenging task of three-dimensional processing with

three or five axes. Table 5-1 compares Type 1 against Type 2 systems and

suggests when each would be the preferred choice.

Three- and five-axis Level 2, Type 2 manipulators are often called robots.

Indeed, they meet the RIA* definition of an industrial robot as follows:

"A reprogrammable multifunctional manipulator designed to move
material, parts, tools or specialized devices through variable
programmed motions for the performance of a variety of tasks."

Many laser manipulators are special-purpose robots, but general-purpose

industrial robots have been applied as stand-alone manipulators or as two axes
2

of a five-axis manipulator. Industrial robots have also been considered as

Level 2, Type 1 (fixed spot) devices to move the workpiece under the beam

(Figure 5-9).

Manipulator Configurations. Two basic manipulator configurations have

been reported in the literature:

e Cylindrical or polar coordinate articulated robots coupled
through independent optical paths to the laser.6 ,8

9 Cartesian coordinate gantry robots. 2 ,6,8

The cylindrical or polar coordinate articulated robots have been used for

welding6 but do not seem to be as well suited for cutting as the gantry

structure. One systems builder6 cites declining strength of the arm as it is

extended. With extension comes a proportional loss of positioning accuracy,

profiling quality, and dynamics. This loss was considered to restrict the

volume over which processing could be carried out. The circular working

envelope of articulated robots was viewed as a further restriction. Table 5-2

lists pros and cons for the articulated robot.8

*Robot Institute of America.
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TABLE 5-1. CONSIDERATIONS IN SELECTION OF LEVEL 2 CUTTING SYSTEMS

Type I Type 2
Work Moves, Beam Moves,

Comparison Criteria Beam Stationary Work Stationary

Optical Requirements
Constant focus all points in
cutting range + -
Minimum Mirrors + -
Minimum Maintenance + -

Ease of Scrap Removal + -
Minimum Floor Space for Cutting

X-Y Direction _ +a

Symmetrical rotationb 0 0
Shape of Work

Cut in single plane + 0
Cut in several planes - +
Cut cylinders and disksb 0 0

Size/Weight of Work
Light and constant + -
Heavy and constant +
Very heavy or large and constant - +
Variablec (light and heavy) +

Stability of Work
Flimsy when moved +
Needs tpeling to minimize
distortion +

Stable during cutting + 0
Lowest Cost + -

Legend: (+) should be considered.
(-) should be given less consideration.
(0) Not a consideration.

aFloor space ratio Type 1:Type 2 is typically 4:1 for a given workpiece

size.3
bparts that can be cut using symmetrical rotation are a special case in

that the Type 1 system can be fitted with a stationary axis that is capable
of either vertical or horizontal rotation and thus needs little floor
space.

CSince the mass of the axis system is several times that of many parts, mass

differences of the workpiece may not be significant, particularly when all
pieces are relatively heavy and cutting speeds are low.,

dOnly true if parts and/or tooling causes loads to vary with respect to
mass.
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TABLE 5-2. PROS AND CONS: ARTICULATED ROBOT AS A BEAM MANIPULATOR'

Pro Con

- Small floor space - Lack of motion smoothness

- Convenient, easy to integrate - Some limit of working
to a variety of robots volume

- Can reach into or under parts - More beam benders potentially,
being processed thus higher power losses

- Easy to program with TCP - Insufficient accuracy and
.(tool center point) repeatability in many models

- Can work with large, heavy, - Possible interference of beam
or flimsy parts delivery system in work

envelope (depends on setup)

aMany commercial robots come with well-developed off-line program-

ming and CAD/CAM interface capability.

Cartesian coordinate gantry systems with integral beam delivery systems

are used as the basis for most two- and three-dimensional cutting systems.

Two configurations are used:

" Full gantry with both sides of the transverse axis
supported (Figure 5-10)

" Open-sided gantry (Figure 5-11).

Source: Control Laser Corp.

Figure 5-10. Full gantry Level 2, Type 2 system.

83

* .'i S * S



Source: Westinghouse Electric Corp.

Figure 5-1 1. Open-sided gantry Level 2, Type 2 system.
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Full gantry systems are noted for their ability to be adjusted to very close

working tolerances (±0.001 in. accuracy per foot of travel with ±0.002 in.

repeatability) 6

The open-sided (or cantilever arm) gantry provides improved work

load/removal capability but involves an extended robot arm as one axis, a

situation similar to that reported for articulated robots. However,

accuracies of ±0.008 in. per axis and repeatability of ±0.005 in. are
2reported. These values are closely related to the nominal tolerances of the

mechanical system. Optical effects may add to these tolerances. Optical

effects could result from alignment technique, pointing stability of the laser

(typically under 0.15 mrad), and movement between laser and manipulater if

they are mounted separately.

Table 5-3 lists pros and cons for the gantry approach.8 The rotating/

tilt head on gantry systems deserves some attention. The fourth and fifth

axes on gantry systems are rotary (Figure 5-12). These rotating axes are

often designated A and B (or C and 0) to distinguish them from the conven-

tional linear axes--specifically X, Y, and Z. The A and B axes may not be

fully rotational and thus place some access limits on the system. The A-axis

may be restricted to motion in a 1800 to 2000 sector. Other systems feature a

full 3600 motion. The tilt (or B) axis is usually restricted to ±90* from

vertical. As a result of this restriction, the five-axis system cannot

process the underneath surfaces. Some articulated robot/independent beam

delivery systems are reported to be able to process underneath parts.8 Gantry

TABLE 5-3. PROS AND CONS: GANTRY ROBOT AS A BEAM MANIPULATOR8

Pro Con

- Large working volume - Large footprint

- Smoother path on straight- - Not designed for working

line path (for some gantry from under part

robots) - Difficult to add extra two-

- Simple optics with standard axis motion

beam benders (usually) - Requires up-front engineering

- Easy to program to integrate a new robot
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9 1

m °a

1 - Free Beam Path 6 - B-Axis Rotation
2 - Work Surface 7 - Autofocus Motion
3 - Mirrors 8 - Assist Gas
4 - Focusing Lens 9 -Coolant Lines
5 - A-Axis Rotation

Source: Rofin Sinari

Figure 5-12. Arrangement of mirrors to provide rotary fourth and fifth
(A and B) axes on a 5-axis gantry system. (Maintains beam
spot on center line of Z-axis of rotation.)
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systems need a sixth axis in the form of a rotary table to turn the workpiece

over for underside access. Such tables can often operate in the horizontal or

vertical axis orientation.

5.2.3 Level 2. Type 3 Systems (Hybrid or Combined)

The gantry systems can be modified so that the work moves on one axis and

the spot travels on the others. Usually the long (X) axis is selected to

carry the work (Figure 5-13). The beam delivery system need only accommodate

the s;iurter Y, Z and (if present) A, B axes. The beam delivery path can be

further shortened by mounting the laser so that its beam is introduced

directly onto the stationary Y-axis. 9 Table 5-4 lists the pros and cons of

the hybrid configuration.

5.3 SUM4ARY

As the number of potential laser cutting applications has expanded, so

has the number of manipulator options. The simplest manipulators follow a

specific dedicated path configuration and emphasize rapid loading/unloading of

parts. These Level I lasers offer reliability and accuracy where needed and

at relatively low cost.

When the path must be changed from time to time, programmed path (Level

2) manipulators are available in many configurations. In the simplest (Type

1) the work moves and optics are stable. Type 1 lasers are usually applied to

flat surfaces. For three-dimensional surfaces the beam must move with greater

freedom. Flying spot systems are usually incorporated into some type of

robots. Consideration has been given to the use of commercial articulated

robots, but the most accurate Type 2 systems are built onto gantry robots.

Flying spot systems work well with flimsy parts or parts that must be fastened

down to maintain shape.
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1 - Laser Source
2 -Controls
3 -X-Axis
4 - Y-Axis
5 - A-Axis Rotation
6 - B-Axis Rotation
7 - Controls
8 - Service Platform

Source. Leybold Vacuum Systems, Inc.

Figure 5-13. Hybrid gantry Level 2, Type 3 system.
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TABLE 5-4. PROS AND CONS: HYBRID CONFIGURATION OF GANTRYa

BEAM MANIPULATOR

Pro Con

- Shorter beam 3path with - Limited mass on moving axis
Y-axis fixed - Reduced accuracy and

- Moving axis delivers repeatability if mass of
part outside of gantry--quick, work varies greatly from
low-cost unload/load application to application

- Load/unload permits complex
palleting to proceed while loaded
part is being machined.

aFrom Reference 8 with additions as noted.
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6. CONCLUSIONS

This review has documented the state-of-the-art in terms of cutting

quality, rates, limits, and available equipment. This documentation also

suggests several conclusions about the future as follows:

(1) There should be a continuing emphasis on pulsed C02
technology. Pulsing has only become available on
multikilowatt C02 lasers within the last few years. C02
lasers have the ability to switch from CW to pulsed
power. The ability to switch power delivery modes
becomes increasingly important as manipulators become
capable of following more complex paths involving
increasingly finer detail.

(2) CO2 lasers pulse at higher rates than Nd:YAG and
consequently cut more rapidly.

(3) Even though C02 pulses typically have lower peak power,
they have sufficient power to break down reflectivity and
are used to cut highly reflective metals such as
aluminum.

(4) CO2 pulse frequency is controllable and can be adjusted
to reduce cut face roughness.

(5) CO2 pulse technology offers several optional modes not
otherwise available. An example would be dross-free
cutting of aluminum using hyper pulse wherein a
substantial CW power level can be maintained while spikes
of power are added to break down reflectivity.

(6) Interest in Nd:YAG technology as a beam source for the
cutting of metals and nonmetals will continue as a result
of trends that are currently identifiable.

(7) Nd:YAG power has been increasing until it now challenges
C02 technology at the kilowatt level. Emerging slab
laser technology opens the possibility for improving
Nd:YAG beam quality.

(8) Nd:YAG may become the choice for cutting some composite
materials where the combined materials are not
effectively cut by the C02 technology. The C02 beam will
continue to dominate the cutLir9 of organic materials
such as plastics and organic/organic composites because
its wavelength is efficiently absorbed. However, even
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this advantage may be challenged by an emerging
technology involving the excimer family of lasers. The
excimer beam is being evaluated to determine if it cuts
using a nonthermal interaction with chemical bonds in
organic materials.

(9) Nd:YAG is a compact beam source, and the beam is amenable
to transmission with fiber optics. Both of these
characteristics may be of interest in future manipulator
designs.

(10) Fiber optic beam transmission technology appears to have
reached a point in its development where several hundred
watts of average power can be transmitted. The more
complex fibers that will be required to carry CO2 laser
beams are under development, but do not yet transmit
usable cutting power levels.

(11) Manipulator design will continue to evolve at the two
levels identified in this review. However, the
availability of compact lightweight lasers with beam
power approaching kilowatt level plus fiber optic systems
will permit less cumbersome optical systems in future
flying spot systems. Gantry/orthogonal manipulators will
prevail. Extensive linkage of commercial articulated
work-handling robots to lasers will be hindered by
present limitations in path accuracy and work envelope.

(12) Precess technology improvements will relate to surface
finish and kerf widths to prevent these quality elements
from limiting the ability of improved manipulator to
produce increasingly finer detail on laser-cut parts.
Cutting speeds currently outrun manipulator speeds.

(13) Improvements in process rates and quality will be
supported by increased use of supersonic flow rates for
cutting gases. Inconsistencies encountered by some
earlier supersonic applications have been reduced through
the use of gas nozzles with noncircular throats.
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